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Abstract

To visually determine the position and orientation of a mo-
bile robot from a fixed location in its vicinity, we have em-
ployed a cylindrical target which has diflerent colors in cach
of its four quadrants. I3y judicious selection of the colors,
segmentation of imagery from the fixed location can deter-
mine the size and centroid of the Cylinder, as well as the
visible color quadrants. Both the cylinder size in monocular
images, and the centroid disparity in stereo pairs, are shown
to provide a measure of distance. The angle of the cylinder
is determined by analyzing which color quad: ants are visi-
ble and to what degree. Implementation and experimental
testing of this technique shows that it provides accurate lo-
calization data towithinone or two pixels of error.

1 Introduction

In1996, NASA will launchthe first of a series of spacecraft
to revisit the planet Mars. This Pathfinder lander will con-
tain the Microrover Flight Experiment (MFEX), a 10 kg
six-wliecled mobile robot which will Venture out from the
lander, taking picturces and positioning an alpha/proton/x-
ray spectrometer against designated soil and rocks [2]. Iig-
urce 1 shows our outdoor test system which emulates the
Pathfinder scenario.

As MFEX moves about thelander vicinity, its position
will beincrementally estimated by wheel encoders and a
heading/rate gyroscope [3]. However, the position estimate
becomes increasingly erroncous as error accutnulates over
time [G], For the flight mission, such errors will be removed
by humanevaluation of the rover position/orientation from
lander stereo imagery obtained daily.

To remove this need for human recalibration and provide
accurate rover position estimation throughout day, wc have
been investigating allernative rover localization schemes.

. Automatic stereo vision is onc obvious extension of the

MFEX system. To simplify finding the rover in the im-
agery,an initial idea of a rover mountediargel was intro-
duced. To determine orientation as well, this concept has
beta extended to a colored cylinder which has a different
aPP carance from all viewing directions. Further, the known
size of the cylinder compared with its image size can be used
as an alternative mcthod for range determination. This pa-

per describes the geometry of this proposed colored cylin-

Figure 1: The colored cylinder in field tests sits ontop
of Rocky 3.2 an cl isviewed from stereo ca meras ontop of

a tetralicdral Pathfinder lander mockup. The van in the

backgrou ad housecs the operator control station.

der approach, and presents experimental data verifying the
analysis.

Our longtermsolution for Mars rover localization will
probably involve the replacement of the colored cylinder ap-
proach with two more sophisticated methods: position from
aradio beacon system, and orientation from measurements
of the Sun’s position in the sky (combined withknowledge of
the time of day). Oricntation via compass readings cannot
be used since Mars has 110 appreciable magnetic field [5].
The ncal-lander bechavior of the radio beaconsystem has
yet to be determined, however. One possible augmentation
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Figure 2: Geometry of the viewing of the colored cylinder.
Sec the text for details.

to it may be visual localization of acolored cylinder on the
lander from the rover.

Beyond applications for Mars, colored cylinder localiza-
tion provides a simple and cffective method for accurate
tracking of mobile robots, both outdoors and in. If the
robots arc constrained by low mass, power, volume, or cost,
on-board sensors for position/orientation may not be fca-
sible. Alternatively, if no stationary beacons or landmarks
exist in the work arca of the robot, the colored cylinder can
be int roducedto provide an effective point of reference.

I'his paper is organized as follows. First, Section 2 re-
views the gcometry of colored cylinder localisation and pro-
vides the equations for orientation, size-based range, aad
stereo-based range. This is followed by an analysis of the
sensitivity of the calculations to measurement errors. Sec-
tion 3 then presents a review of the implemeuntation of this
localization method, and theresulting experimental data.
Finally, Section 4 describes a possible extension of this tech-
nique by utilizing subpixcl resolution of cylinder images to
obtain more precise results.

2 Rover Visual Localization

2.1 Position and Orientation Determination

Figure 2 shows a top view of a short cylinder of radius
p=|n|.The external wall of each of the four quadrants
is a different color kK €{a,B,v,6}. WhCn viewed from a
distance, cach color will be orthographically projected onto
the image planc in quantity k€ {A, B,C, D}.The image
width of the cylinder is i pixels, and the total image width
from the camera is M.

2.1.1 Orientation
Initially, it is assumed that the viewing direction is in the

first quadrant at an angle 6, and the vector n is normal to
this direction as shown in the figure. Therefore, the amount

of each colorscen is:
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where the circumflex accent indicates unit vectors. The
quantity C is zero since it can not besecn.To remove the
dependence on the cylinder radius, it is useful to take the
ratio of the quantities: A/J3and A/D. Recognizing that

n-% = sin0 (5)
—cos @ (6)
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the ratios may berceformulated as a pair of equations:

B A4 B sinf | | A 0
A+ D D cosf | T | A
Solving this set of equations yields:
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For viewing directionsin other quadrants, different colors
will be involved and an angular offset is necded (fo equal to
a multiple of Z). A simplctest to determine the quadrant
of interest is to measure which color is not present. A zero
value for this color quantity specifies the row in the following

t able:
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Using the proper row for the zero color, the angular offset is
determined and the measured color quantities arc mapped
to intermediate variables, ki, for usc in the following orien-
tation solution:

ki ko—ks ki —ka+ ks

=8 —-
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(o)
where atan2(z,y) is the unambiguous form of tan™ (z/y).

2.1.2 Yosition by Size

Pigure 3 shows the geometry of viewing at a distanced, with
a camerafield of view . Again assuming an orthographic
projection of the scene 011 to the image plane, the image will
consume m/M of the width. Therefore,

Mp

d= (12)
m tan %’

When the camera is close to the cylinder, the perspec-
tive can introduce a foreshortening error. Figure 3 shows




M pixels
“colored
cylinder $
center of o a4 [ A l m pixels
perspective . }J\I’ \ Y
; e
-l

Figure 3: Geometry for determining the distance to the
cylinder. See the text for details.

that sinh =§ = % Thercefore, the correction quantity, A,
must be added tothe previous expression for the cylinder
distance:

Mp p_2

d=~ + g (12)
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In this approximation, Kquation (11) can be usecd to itera-
tively provide a solution, or Fquation (12) canbe solved as
a quadratic equation.

For example, the 17 pixcl image from the previous gection
corresponds to a distance of 11.24 m, assuming a 0.1 m
radius cylinder with a nominal 512 x 480 image and a 30°
field of view.

2.1.3 Position by Stereo Image Triangulation

The geometry for stereo triangulation is very similar to that
describedin the previous section [4]. Instead of relying on

* the edges of the imaged cylinderto form a triangle with

the camera location, two images arc used to triangulate 011
the centroid of the cylinder. In this case, the) distance is
dependent on the disparity of the centroidinthe images,
measured in pixels g

Mb 13
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where b is the bascline distance between the stereo cameras.
Since the cylinder is radially syminetric, 110 view angle ef-
fects are encountered to influence the centroid location.

2.2 Pixel Resolution Effccts
2.2.1 Orientation Errors

The precision of this orientation measuring schemc is de-
pendent 011 the spatial resolution of the pixels in the image
of the cylinder. Thercare two extremes to the resolution
of orientation determination by this scheme, depending on
the amount of rotation needed to move the color boundaries
from one pixel to the next.

The best case of orientation resolution occurs when one
of the color boundaries is in the center of the image. In this
oricntation, a minimal amount of rotation is needed, since
the motion of the color boundary is approximately parallel

to the image plane. Inthe gencral case 01 m total pixels,
the angular resolution per pixel is:

mazimage plane motion
radius of cylinder
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The worst case of orientatlion resolution occurs when the
color boundary motion is most out of theimage plane.

Given the four quadrant design of thecylinder, this occurs
for 8 € {}, 3w "om” L1 Pherefore,
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For the example of m= 17, the resultant resolution bounds
are; AOy,in = 6.7° and Abpiaa = 9.5°.

It is uscful to climinatem from the equations above, by
employing Equation (11) or (1 2):
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2.2.2 Relative Position Error by Size

For distance measuremcnis, relative error is used to nor-
mmalize the results and allow more dircct comparison of
them. The relative error in the distance calculation of Fqua-
tion (11 ) caused by a one pixel change inthe size is:
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In the example, a one pixcl change causcs an error of 0.66 m,

or about 5.8% of the total distance.

2.2.3 Relative Position Error by Stereo

Similarly, using Fquation (] 3) the relative error for distance
by stereo caused by a oue pixel change in the centroid is:
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d stereo

If thestereo camera baseline is equal to the diameter of the
cylinder, the resolution will be same as in the last section.

3 Implementation
tion

and Experimenta-

3.1 Color Segmentation Method

To experimentally determine the accuracy of the this local-
ization scheme, a cylinder was constructed out of fluorcs-
cent colored cardboard. The cylinder is 19.2 cm in diameter
by 6.4¢ m high, ancl the four quadrants are colored Muc,
reagent a, red, and magent aagain. The colors were origi-
nally selected so that adjacent colors have similar spectral




response in onc channel of the color cameras, helping pre-
vent boundary pixels from being excluded in the segmenta-
tion of the cylinder from the full image.

The segmentation of theimage to locate the quadrants
of the cylinder is performedin four sieps: (1) the image
pixcls are classified by color, (2) nearly adjacent regions are
conncected, (3) the cylinder is located, and (4) the visible
colored quadrants of thecylinderarclocated.

Three color classes arc dcfined, onc for each of the three
distinct colors of tbc cylinder's quadrants: Muc, magenta,
and red. Determining to which class cach pixel belongs is
done by takingthe ratio of the primary colors of the image
(for t hered and magenta classes: green/red and blue/red;
for the blue class: red/blue and green/blue). For each ratio
an experimentally determined range of values is used to de-
termine class membership. Intensity ratios arc used because
of their relative inscnsitivity to ambient lighting.

As mentioned previously the choice of colors is made to
minimize rejection of pixels on the transition between the
colors. Fven so, many pixels on such boundaries are rejected
as belonging to ncither color class. As will becomne clear in
the next step, it is important that thethrec visible color
quadrants of thecylinder need to touch each other in the
image. It is thercfore necessary to filter the image in order
to join almost touching groups of pixels of diflcrent colors.
T'his is done by finding any pixel separated on its right by
only background (rejected) pixels from a pixel of a different
color. The gap considered is from one to four background
pixels. The gap is filled in symmetrically by growing the
colors on theleft and the right of the gap toward each other.

Beforescarching for the cylinder in the image, the area of
interest, in theimage is restricted so that none of the sky is
visible when operating outdoors. Otherwise, the sky is often
confused with onc of the quadrant colors. Region growing
is then performed on the sclected part of the image using
local blob coloring to identify the four-connected regions of
the image which contained any mixture of the cylinder's col-
ors [1]. Without any analysis as to shapc,thic largest such
region is taken as corresponding to thecylinder. This is not
unrcasonable since the colors were quite artificial in appear-
ance, and the background is typically a natural outdoors
scene. Also, in a later error-cbeckiug stage, the bounding
boxes of the cylinder in the left and right stereo images arc
comparcdlo make sure that they arc similar to each other.

The bounding box of thecylinder isthen analyzed to find
the individual quadrants. The same region-growing tech-
nique used above is again applied here several times more.
But this time, insicad of growing regions of any mixture of
the colors, only regions of single colors are considered. The
largest such region is labeledthe “middle” region. Looking
to the left of the middle region, the largest region of a difler-
ent color is labeled the “left” region. Similarly the largest
region to the right of the middle is labeled the “right” re-
gion. Consistency checking is performed to make snrc that
the regions found make physical scnsc. Note that it is pos-
sible for only one or two regions to be visible.

The final result of this process is the center of mass of
the entire cylinder, as well as the bounding boxes and pixel

counts for each of the quadrants.

3.2 Summary of the Experimental Results

Tests of the cylinder localization were performed with its
center along the line midway between a pair of Sony XC999
camcras, set up for stereo viewing with a baseline of 12 cm.
Calibration procedures indicate that the ficld of view of the
cameras is 29.33°.

Measurements of the cylinder were conducted at 20° in-
crements and five different distances. The zero position of
the cylinder was aligned with the center of rotation of the
cameras by bore-sighting, and the cylinder was rotated with
a machinists’ turntable. This procedure was repeated at
cach of the ¢} osendistances of 0.914, 1.829, 4.572, 10.058,
and 15.240 meters (3, 6,15, 33, and .50 feet, respectively)
from the center of rotation of the stereo camera fixture.
The front of the cameras was oflsct from this origin by .076
m (3 inchies). Ten measurcments were taken at each posi-
lion/orientation setting.

Figures 4-6 show tbc mean measured angular error, and
the mean measured relative distance error for size and
sterco. All data is plotted as a function of true cylinder
angle. It can be scen that the angular errors are typically
within 4.5°, especially when the cylinder is close. For siz ¢-
bascd distance determination, the means of the relative er-
rors are off by as muck as15% for the 10 meter data. Worse
still, the 15 In data is very inaccurate. Howcver, for stereo
distance dectermination the results arc much better. The
calculated distance is typically within 5% of correct, and
contains a constant bias which can beeliminated by cali-
bration.

3.3 Discussion of the Experimen tal Results

It is apparent from the results that within a 10 meter
range, the colored cylinder localization technique provides
reasonably accurate position and heading information for
the roves: typically within 5° of true hcading and 5% of
truc distance.

The standard deviations shown in Figures 7-9 further
indicate that this measurcment technique is quite precise,
especially at ranges less than 10 m. These graphed results
should be compared ag ainst the calculated errors for one
pixel changes in the cylinder images, provided in the follow-
ing table.

d A-_g;;znv AE';Tar 4 |size I_Jf_t_e_r:&
0.838 m 0.50° 0.71° 0.0045 0.0071
1.753 m 1.06° 1.50° 0.0093 0.015
4.496,,, 2.70° 3.82° 0.024 0.038
9.982 m 6.09° 8.61° 0.053 0.085
15.164 m  9.25° 13.43° 0.081 0.129

It is apparent that for both orientation and distance,the
standard deviations indicate that thesegmented images usu-
ally deviate by less than one or two pixels. Thercfore, once
calibrated for bias, this method will provide results that arc
at the liinit of mcasurcment of the given cameras.
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Of notable exception to the generally good quality of
mcasurements is the angular error and standard deviation
in the -180 <8< —90 range for the 10 m data, This is
attributed to problems in segmenting the magenta and reel
quart rants at this distance. Subsequent experiments at the
15 meter range further confirmed this conclusion by provid-
ing reasonable results except in this angular domain, where
no consistent measurements were possible.

‘I'wo improvements to the implementation of this tech-
nique would be aselection of different colors and use of a
more robust scgmentation algorithm. One possibility for
new colors wouldbe a simple replacement of thered panel
with a green one. A more strongly contrasting color appears
to be desirable since the contrast bet.wecu the magenta and
bJuc enabled more accurate cylinder orientation determina-
tion. This can bc scenin the 10 meter augular error data

the smallest errors were inthe range of —90° to-90°,
when the blue quadrant plays a significant role. (Partial
data taken at 15 meters confirmed this trend.)

T'he second improvement, robust segmentation, would in-
crease the accuracy of both the angle and distance measure-
ments. First, by refining the scgmentation of the individ-
ual colored regions on the cylinder, the angle measurements
would improve. Sccond, better segmentation of thc whole
cylinder would improve size based distance dctcrmination.
Third, by fine tuning the the accuracy of the cylinder cen-
troid measurcment, stereo disparity calculations and the re-
sultant distance determination would improve slightly. Fi-
nally, episodes of erroneous scgmentation of regions of the
image that arc not part of the cylinder could bereduced by
an improved algorithm.

4 Extension to Subpixel Resolution

To further improve these results, it would be necessary to de-
termine color quadrant image boundaries within the bound-
ary pixels. For instance, in Figure 2 subpixel resolution is
needed in pixels 2, 3, 14, and 18.

The possibility of determining the subpixel color bound-
ary is dependent on the camera technology employed. For
instance, a camera like the XC999 used in the previously
discussed tests has a single color CC]) chip with cach of its
pixels divided into four color elements (e.g. yellow, cyan,
magenta, and green). Unfortunately, this tcchnology does
not enable subpixel resolution for our purposes. Other cam-
eras, however, employ three separate CCDs, cacb covering
the same line of sight but sensitive to different colors (e.g.
red, green, and blue). With this second type of camera,
or with a black and white camera aud three colored filters,
subpixel resolution is directly achievable.

Consider the situation shown in Figure 10, where the
image of the boundary between two colored regions falls in
the middle of a pixel.In this case, the color sensed by the
pixel will bethe weighted average of the two colors:

K = wijki + (1 — wij)k; (21)

color x; colorx;

color boundary

Figure 10: Geometry for subpixel resolution. Scc the text
for details.
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where wj, is the percentage of area in the boundary pixel
covered by the first of the two colors, Kiand£;.T'he sensed
colol quantities may, thercfore, be refined as:

4
- - k
ki =k 4 2 Wy E —1~$ (23)

i ;

where k} is the color quantity obtained from only those pix-
cls directly matching thei'h cylinder color. The summa-
tion over £ is necessary for normalization. This analysis is
not only applicable on the boundaries between cylinder col-
ors, but alsobetweenthe cylinder and the background. In
this case, only the background/cylinder border weights are
necded.

The subpixel calculations have an inherent resolution as
well. This is due to thespectral resolution of the cam-
cra, 2", where n is the number of bits per pixel. Since the
color change of the boundary pixel is a linear function of the
boundary position, the discretization of the pixel color gives
the same resolution spatially. Therefore, the angular and
radial resolution in Equations (15), (16), (19), and (20) is
reduced by the factor 2". Jor an 8-hit image the new values
for the resolution of our example arc: 0.26° <A6<L 0.377,
Ad=2.6mm = 0.023% of d. Even allowing that thc fullg-
bit colorsignal may not be available duc to noise and other
factors, considerable improvementin localization mecasure-
ments can be expected with subpixel calculations.

5 Conclusion

Wc have presented a simple method for determining the po-
sition and orientation of a mobile robot by viewing a colored
cylinder placed upon it. Fxperiments have shown that this
method provides results accurate to onc or two pixels. Small
errors, therefore, require iinages at least an order of magni-
tude larger (~20 pixels). For our experimental setup, this
translated into an eflective range of about 10 m.

It important to point out that these results arc pertinent
to the Pathfinder MFEX. Although human orientation de-
termination of the rover will be used, the visual clues will
be limited by similar image resolution problems. There-
fore, rover operations will need to be constrained to dis-
tances thiat provide images a fcw tens of pixels in width.
The Pathfinder lander camera specifications provide a sim-
ilar range limit of ~101n.
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